Synchronized low-frequency spontaneous fluctuations of the functional MRI (fMRI) signal have been shown to be associated with electroencephalography (EEG) power fluctuations in multiple brain networks within predefined frequency bands. However, it remains unclear whether frequencyspecific characteristics exist in the resting-state fMRI signal. In this study, fMRI signals in five functional brain networks (sensorimotor, 'default mode', visual, amygdala, and hippocampus) were decomposed into various frequency bands within a low frequency range (0-0.24 Hz). Results show that the correlations in cortical networks concentrate within ultra-low frequencies (0.01-0.06 Hz) while connections within limbic networks distribute over a wider frequency range (0.01-0.14 Hz), suggesting distinct frequency-specific features in the resting-state fMRI signal within these functional networks. Moreover, the connectivity decay rates along the frequency bands are positively correlated with the physical distances between connected brain regions and seed points. This distance-frequency relationship might be attributed to a larger attenuation of synchrony of brain regions separated with longer distance and/or connected with more synaptic steps.
Introduction
Specific cortical and subcortical regions, where neural activity unfolds, couple to other brain regions forming functional networks associated with cognition and action (Buzsaki and Draguhn, 2004; Varela et al., 2001) . Even under a rest condition in the absence of entrained task performance, these brain regions are thought to possess dynamic, synchronized oscillations, upon which the interactions between brain regions or so-called "functional connectivity" can be observed using resting-state functional magnetic resonance imaging (fMRI) techniques (Biswal et al., 1995; Greicius et al., 2003; Hampson et al., 2002; Lowe et al., 1998) . Several studies support the assumption that the low-frequency resting-state fMRI fluctuations have a neuronal basis rather than physiological artifacts induced by cardiac pulsations and/or respiration (Cordes et al., 2001; De Luca et al., 2006; Leopold et al., 2003; Lowe et al., 1998) , although the exact neurophysiological mechanism of functional connectivity is still under active investigations (Lu et al., 2007; Mantini et al., 2007) . Using a *Please send correspondences to: Yihong Yang, Ph.D., Neuroimaging branch, National Institute on Drug Abuse, NIH, 5500 Nathan Shock Dr., Baltimore, MD 21224, USA, E-mail: YihongYang@intra.nida.nih.gov, Tel: (410)550-1440 ext 334 Fax: (410)550-1441, Or Jyh-Horng Chen, Ph.D., Room 304, Department of Electrical Engineering, National Taiwan University, Sec. 4, No. 1, Roosevelt Rd., Taipei 106, Taiwan, E-mail: jhchen@ntu.edu.tw, Tel: 886-2-2364-8238 Fax:886-2-2364-8238. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
temporal cross-correlation method, Biswal et al. first demonstrated functional connectivity within the a frequency range (0-0.08Hz) in sensorimotor networks (Biswal et al., 1995) . Subsequently, resting-state fMRI has been widely applied to investigate spontaneous activity in cognitive and sensory networks, as well as pathological alterations in these networks (Greicius et al., 2004; Hampson et al., 2002; Li et al., 2002; Lowe et al., 1998; Lowe et al., 2000) .
Electroencephalography (EEG) studies have provided significant evidence of a tight coupling between regional cerebral hemodynamic responses (HDR) and local field potentials (LFP) (Lauritzen and Gold, 2003; Logothetis et al., 2001) . Recent studies demonstrated that the HDR corresponding to task stimulation in primate visual cortex correlates specifically with LFP oscillations in the gamma (γ) band (Niessing et al., 2005; Wilke et al., 2006) , while the restingstate HDR in the rat somatosensory cortex correlates with LFPs in the lower frequency range, particularly in the δ band (Lu et al., 2007) , suggesting spectral differences under distinct physiological conditions. Mantini et al further demonstrated that each functional network corresponds to a specific frequency-specific rhythm (Mantini et al., 2007) . These observations imply that functional connectivity may be frequency specific and that frequency characteristics may be distinct for different brain networks. Several previous studies have explored the frequency domain of functional connectivity; some observed frequency relationships on a large scale (Cordes et al., 2001; Salvador et al., 2005; Salvador et al., 2008) , while others aimed at topologically reciprocal connections between regions instead of between/within known brain networks (Achard et al., 2006; Salvador et al., 2007) .
Our goal, therefore, was to investigate the spectral features of resting-state spontaneous fMRI fluctuations between multiple functional networks with finer frequency intervals. To do so, we assessed the frequency characteristics of BOLD functional connectivity signal in five brain networks (sensorimotor, 'default mode', visual, amygdala, and hippocampus). Using multiple band-pass filters with 0.01-0.04 Hz bandwidth, the resting-state fMRI signal was decomposed into 12 frequency bands and analyzed from each of the five networks between 0-0.24 Hz. Both between-and within-network frequency specific disparities were seen in cortical and limbic networks.
Methods

Participants
Twenty healthy participants were included in this study (13 males, 36 ± 9 years-old). They were screened with a questionnaire to ensure that they had no history of neurological illness, psychiatric disorders or past drug use. Present drug use and pregnancy were assessed with urine testing. Informed consent was obtained from all participants prior to the experiments in accordance with the protocol approved by the Institutional Review Board of the National Institute on Drug Abuse.
Data acquisition
Six minutes of resting fMRI data were acquired on a 3.0 T Siemens Allegra scanner (Siemens, Erlangen, Germany) using a single-shot, gradient-recalled echo planar imaging (EPI) sequence (2000 ms repetition time (TR), 27 ms echo time (TE), and 77° flip angle and a head volume coil. Head motion was minimized using individually custom-made foam padding. Thirty-nine axial slices (220 × 220 mm 2 field of view, 64×64 in-plane matrix size, and 4 mm slice thickness), aligned along the anterior commissure -posterior commissure plane allowed for whole brain coverage. Prior to the resting scan, subjects were instructed to rest with their eyes closed, not to think of anything in particular, and not to fall asleep. For spatial normalization and localization, a set of high-resolution T 1 -weighted anatomical images (3D-MPRAGE with 256×192×160 matrix size; 1×1×1 mm 3 in-plane resolution; 1000 ms inversion time; TR/TE = 2500/4.38 ms; flip angle = 8°) was acquired on each subject.
Pre-processing
Functional data were processed using the Analysis of Functional Neuroimaging (AFNI) software package (Cox, 1996) . Motion correction was performed by volume registering each 3D volume to a base volume. Linear detrending was applied to eliminate signal drift induced by system instability. The images were then converted into Talairach space and linearly resampled to an isotropic resolution (3×3×3 mm 3 ). Subsequently, spatial smoothing was applied using a Gaussian isotropic kernel (full width at half maximum of 6 mm) to minimize individual variances and enhance the signal-to-noise ratio. The T 1 anatomical image was segmented into gray matter, white matter, and cerebrospinal fluid (CSF) maps using the SPM5 package (Wellcome Institute of Cognitive Neurology, UK).
After these processing procedures, 12 datasets with specific frequency bands (0-0.01, 0. 01-0.02, 0.02-0.04, 0.04-0.06, 0.06-0.08, 0.08-0.10, 0.10-0.12, 0.12-0.14, 0.14-0.16, 0.16-0.20, 0.20-0.24 Hz and the typical range of 0-0.1 Hz) were generated using Chebyshev type II lowpass/band-pass filters in MATLAB (MathWorks, Inc., CA). The edges of the bands were constrained within 6 dB decay, while at least 30 dB of attenuation was guaranteed in the stopbands (pass-band edges ±0.003Hz).
To correct for the potential influence of physiological noise, estimations of cardiac and respiratory information were performed using a temporal independent component analysis (ICA) (Beall and Lowe, 2007) . Specifically, twelve components were identified by temporal ICA from our resting-state datasets. Among the spatial patterns of the 12 components, the one with highest spatial correlation with a predefined cardiac source map was considered as the major source of cardiac response. The time courses from the cardiac-correlated map were averaged to generate a cardiac estimator. The same procedure was done to generate a respiratory estimator. These cardiac and respiratory estimators were then used to regress out potential physiological influence in the calculation of correlation coefficients.
Statistical analysis
Spherical seeds (6 mm in diameter) were prescribed for each of the five networks based on standard Talairach (Table 1 ). All spherical seeds were chosen from the right side of the brain. Individual analyses of the 12 frequency bands were carried out on the five networks for every participant using linear regression. The average time series from each spherical seed was taken as the major predictor in the regression model. Other nuisance covariates were also considered (the six motion parameters and the time-series retrieved from the segmented white matter mask).
To compute statistical significance across subjects, the correlation maps from individual subjects were converted to normal-distributed z-score maps accounting for the degrees of freedom (DOF) of each frequency band. The effective DOF was estimated by dividing the number of time points in the time series by a correction factor, which was calculated from the area under the curve of the autocorrelation function (Fox et al., 2005) . Group-level analyses were performed in AFNI using mixed-effects ANOVA on the z scores for each frequency band. Corrections for multiple comparisons were executed at the cluster level using Gaussian random field theory (voxel-wise threshold of p < 10 −4 was applied to the connectivity maps, with a minimum cluster volume threshold of 243 mm 3 , yielding an overall false positive p < 0.05 as determined by Monte Carlo simulation).
ROI generation
To compare the strength of functional connectivity in the five brain network, a total of twenty regions of interest (ROIs) were generated based on the statistical group results of the typically used low-frequency band (0-0.1Hz) (see Table 1 ). The ROIs in the sensorimotor network consisted of right M1 (M1-r), left M1 (M1-l), supplementary motor area (SMA), and secondary somatosensory cortex (S2). In the default-mode network, the ROIs included PCC, anterior cingulate cortex (ACC), bilateral inferior parietal cortex (IPC), and bilateral medial temporal gyrus (MTG). BA17, 18 and 19 (roughly corresponding to V1, V2 and V3), and LGN were selected from the AFNI atlas in the visual system. In the amygdala system, right AMG (AMGr), left AMG (AMG-l), medial prefrontal cortex (MPC), and bilateral insula (ISL) were included, while the right and left hippocampus (HPC-r and HPC-l), MPC and parahippocampal gyrus (PHG) were included as ROIs of the hippocampus seed. Most ROIs in the limbic system, such as AMG-r, AMG-l, HPC-r, HPC-l, and PHG, were chosen based on AFNI atlas structures combined with functional connectivity maps (0-0.1 Hz). The seed voxels embedded in a ROI were excluded in the calculation of average correlation coefficient from the ROI in order to avoid artificial enhancement of the coefficient due to autocorrelation. Lastly, a region of CSF inside the ventricles was manually chosen as a reference region, due to the presumption of its irrelevance with brain functional connectivity.
Results
Fig . 1 and 2 shows the connectivity maps of the cortical and limbic networks, respectively, in each frequency band (the middle row represents the slice location of the seed points). In the cortical networks (visual, 'default-mode' and sensorimotor systems; see Fig. 1 ), the 'longdistance' connections to distal brain regions are generally most apparent at the lower frequency ranges (0.01-0.06 Hz); see e.g. the BA17 to LGN area in (a), the PCC to ACC in (b), and ipsilateral to contralateral M1 in (c). At higher frequencies, the long-distance connections become less synchronous, while the 'short-distance' connections around the seed points spread over wider frequency ranges. In contrast, the long-distance connections in the two limbic networks (Fig. 2) were strongest at relatively high frequency bands (0-0.14 Hz in amygdala and 0.01-0.10 in hippocampus). Fig. 3 illustrates the average correlation coefficients between the selected ROIs and corresponding seed points in the five networks over frequency bands. The correlations between seed points and CSF are also shown as references, since the CSF signal is considered to be uncorrelated with signals in brain regions. Regarding the visual and sensorimotor networks ( Fig. 3a and 3c) , the spectral distributions peak within the 0.01-0.02 Hz range and decrease substantially at higher frequency bands. Similar frequency distributions were observed in the default-mode except that the peak exhibited a slightly wider frequency range (0.01-0.04 Hz). In contrast, the frequency dependency pattern in the two limbic system regions ( Fig. 3d-e) either remained relatively constant or decreased slightly and monotonically as a function of frequency. The frequency dependence between cortical and limbic networks can also be demonstrated in F-score maps from the ANOVA (p < 0.05, corrected), with frequency as the main factor. As shown in Fig. 4 , the locations of the frequency-dependent areas precisely match the spatial patterns of the functional connectivity cortical network maps. However, no significant frequency-dependent area in limbic networks remains around the seeds (green dots in Fig. 4 ) or around the within-network ROIs, indicating that the resting fMRI signal in limbic networks is independent of the 0-0.24 Hz frequency range. In summary, there was a qualitative frequency specific discrepancy between distinct cortical and subcortical brain networks.
The physical distance between ROIs and seed points also exerted an effect on the functional connectivity networks. Fig. 5a shows the connectivity correlations within the typical frequency range (0-0.1Hz) versus direct seed-ROI Euclidean distances for the five brain networks. The connectivity strength (as measured by cross correlation) is negatively associated with the physical distance, suggesting that the strength of functional connectivity is attenuated with long-distance propagation. The correlation between the connectivity strength and the distance was −0.74 (p < 0.002) in the three cortical systems (black) and −0.63 (p < 0.05) in the two limbic systems (red). To further investigate the relationship between the frequency specificity in these networks, a gamma function, , was adopted to fit the frequency-distributed correlations in each ROI. In this equation, the parameters a, b and c were used to describe the offset and rising features of the fitted curve, while the parameter d represented the flatness of the curve in the frequency domain. A low flatness value indicates a high decay rate along frequency, i.e., the connectivity is attributed mainly from low frequency components. Fig. 5b illustrates the fitted flatness versus the physical Euclidean distances for each ROI. The cortical systems have evident negative correlation between flatness and distances (black, R= −0.76, p < 0.002), suggesting that the connectivity between seed points and distant ROIs is primarily attributed to ultra-low frequency components. A similar trend was also seen in limbic system networks ( Fig. 5b) with higher flatness but a non-significant correlation (red, R= −0.48, p = 0.14).
To evaluate the stability of functional connectivity networks across subjects, the absolute coefficients of variation (CV, standard deviation / average correlations) of the 20 participants are presented in Fig. 6 over individual frequency bands for the five brain networks. CVs of low-frequency components (0-0.12 Hz) are approximately two times larger (except for LGN in visual system), while CVs of higher frequency bands (0.12-0.24 Hz) are much larger, than the CVs of the typically used frequency range (0-0.1Hz). This suggests that functional connectivity across individuals is more stable at lower frequency bands than higher frequency bands.
Discussions
In the current study, the frequency response of resting-state functional MRI signals were assessed and compared in five brain networks in twenty normal participants. Results show that both similarities and differences exist in the spontaneous fluctuations spectrograms between and within the examined brain networks. Cross-subject variations in the spectral domain provide evidence that connectivity is generally stable among individuals, particularly at low frequency bands.
The highest connectivity coherence was generally seen in a specific frequency period of the spontaneous fluctuations among these brain networks, especially in the ultra-low frequency range (0.01-0.06 Hz), which agrees well with previous reports (Achard et al., 2006; Salvador et al., 2008) . Nevertheless, spectral discrepancies between and within brain networks were also seen. A prominent between-network discrepancy revealed in this study is that the functional connectivity in the three cortical networks is dominated by ultra-low frequencies, whereas that in the two limbic system regions is found in frequency ranges up to 0.14 Hz. Such dissimilarity in the frequency domain implies that either the functional connectivity characteristics in different brain networks can reflect distinct frequency and/or firing pattern, of the underlying electrophysiological signal and/or the signal transduction mechanisms from electrophysiology to hemodynamics might vary in different brain regions. Further studies of simultaneous fMRI and electrophysiological measurements in various brain systems may provide further insight to understand the exact mechanism for this observation. It is also worth mentioning that even though the spectral features of two networks (e.g. visual and sensorimotor systems) were quite similar, their inter-network connectivity seems relatively weak, suggesting an asynchrony between the two fluctuation patterns between these two systems (Fox et al., 2005) . Based on these observations, it can be speculated that multiple independent spontaneous oscillations coexist during the resting state, which may have specific frequency feature characteristics within different brain networks.
A discrepancy of within-network connections in different frequency bands was also revealed. Our data showed that long-distance connections (e.g. contralateral M1) seem to be more frequency specific (peaking at low frequency bands), whereas short-distance connections (e.g. ipsilateral M1) are distributed in a relatively wider frequency range, especially in cortical networks (as shown in Fig. 1 and Fig. 3) . We posit that the neurobiological basis of this phenomenon may originate from electrophysiological signals linking the two hemispheres. In support of this conjecture, intracortical LFPs recorded from the lunate sulcus using a 15 electrode array, each at least 2.5 mm apart showed that inter-electrode coherence decreased as frequency and/or distance increased, suggesting that LFPs in lower frequency bands travel a longer distance (Leopold et al., 2003) . However, the maximum separation of electrode pairs was 10.6 mm, which is a shorter distance than the within-network connecting regions in the current work. Animal studies recording simultaneous electrophysiological and fMRI signals would be beneficial to validate this hypothesis. Another speculation to the frequency-distance disparity may be attributed to a larger attenuation of synchrony for brain regions separated with longer distance and/or connected by more synaptic steps. Taking the visual systems as an example, synaptic relays follow a direct transmission route (LGN-V1-V2-V3) for simplicity, without taking into account any alternative route from other brain regions. Fig. 3a shows gradual reduction of the connectivity strength from the seed to BA 17, 18 and 19 (corresponding to V1, V2 and V3, and the seed being at BA 17) over all frequency ranges, suggesting that the functional connectivity strength might be dependent on synaptic steps. The weak connection to LGN might be due to low 'top-down' modulation during the "closed-eye" state. Similar phenomenon was also observed in the sensorimotor network (Fig. 3c) , where the contralateral S1/M1 and SMA (one synaptic step) had stronger connections than S2 (two synaptic steps). Of course, differences in hemodynamics, extent of anatomical divergence and convergence, firing patterns and rates, density of vasculatization and coupling mechanics could also explain our observation. The quantitative dependence of functional connectivity on synaptic steps and physical distance, as well as the associated physiological and hemodynamic mechanisms, may be better revealed using animal models with combined anatomical, electrophysiological and fMRI studies.
Multiple cerebral networks during the resting state have also been consistently identified using data-driven approaches such as independent component analysis (ICA) (Damoiseaux et al., 2006; De Luca et al., 2006) , implying that independent physiological mechanisms may coexist in these brain regions to sustain the network functions at rest. Effort has been made to understand the linkage between the fMRI fluctuations and their possible neuronal basis. Recently Mantini et al. provided preliminary neurobiological evidence using simultaneous BOLD-EEG acquisition in human subjects (Mantini et al., 2007) . Their results showed that each brain network is differentially weighted to different rhythms in the EEG power spectrum, which might be consistent with our frequency analysis results. However, due to poor spatial resolution in EEG recordings, it may be premature to compare the EEG frequency response directly to the fMRI response. Furthermore, the signal transduction from electrophysiology to hemodynamics might be nonlinear in terms of frequency response.
Physiological noise, including the cardiac/respiratory-induced signal changes and variations in respiration depth, can reduce the power in functional connectivity analysis (Birn et al., 2006; Lowe et al., 1998; Raj et al., 2001) . and cardiac (0.6-1.2 Hz) fluctuations contribute less than 10% of the connectivity in visual and auditory cortices in humans, using a directly-sampled acquisition and a larger frequency binning compared to the current study (Cordes et al., 2001) . Nevertheless, variations in respiration depth are particularly problematic in resting-state fMRI data because it is associated with the ultra-low frequency range (~0.03 Hz). To minimize this artifact, regressing out the global signal has been suggested to provide comparable results to removal of low-frequency respiratory fluctuations (Birn et al., 2006) . In this study, the average signal retrieved from white matter was used as a nuisance covariate regressor for each subject, which preserves the involvement of cortical signal and retains the global variation. We have also used a newly developed method to estimate the cardiac and respiratory related time courses by temporal ICA (Beall and Lowe, 2007) , and then corrected for the potential influence of physiological noise.
Conclusion
We have examined the spectral response of the resting-state fMRI signal in multiple functional networks of the human brain. The connections in three different cortical networks concentrate within the ultra-low frequencies (0.01-0.06 Hz) while the connections in two limbic networks distribute over a wider frequency range (0.01-0.14 Hz), suggesting distinct frequency-specific features in the resting state fMRI signal across these functional networks. Discrepancies between these networks suggest that distinct physiological mechanisms, perhaps related to differences in 'spontaneous' neuronal firing rates or patterns, may co-exist in these brain regions to sustain the network functions at rest. It has also been shown that the spectral flatness along the frequency range is negatively correlated with the physical distance from brain 'target' regions to the seed. We suggest that connectivity strength may be related to the number of synaptic steps or distance between brain regions. These frequency-specific and anatomicdependent properties may help interpret the sensitivity and specificity of the resting-state fMRI signal, and should be taken into account in analyzing and interpreting resting-state fMRI data. Frequency-specific functional connectivity maps (p < 0.05, corrected) of the three cortical networks: (a) visual system, (b) default mode, and (c) sensorimotor system. The left-most columns denote the functional connectivity maps within the typical frequency range (0-0.1Hz) and the green dots denote the position of the seed points. Frequency-specific functional connectivity maps (p < 0.05, corrected) of the two limbic networks: (a) amygdala and (b) hippocampus. The left-most columns denote the functional connectivity maps within the typical frequency range (0-0.1Hz) and the green dots denote the position of the seed points. Average frequency-specific connectivity strengths between the ROIs and corresponding seeds for the five brain networks-a: visual system, b: default mode, c: sensorimotor, d: amygdala, and e: hippocampus. Absolute coefficients of variations (CV) of ROIs from five brain networks-a: visual system, b: default mode, c: sensorimotor, d: amygdala, and e: hippocampus. Table 1 Description of the selected seed points and ROIs for each brain network. Neuroimage. Author manuscript; available in PMC 2009 September 1.
